(19) 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(45) Date of publication and mention 
of the grant of the patent: 
20.08.1997 Bulletin 1997/34 



(n) EP 0 489 426 B1 

EUROPEAN PATENT SPECIFICATION 

(51) int CI* G03F 7/20 



(21) Application number; 91120850.2 

(22) Date of filing: 04.12.1991 

(54) Projection exposure method 

Verfahren zur Projektionsbelichtung 
Methode d'exposition par projection 



CD 

CD 
CM 

o> 

CO 

o 

Q. 
LU 



(84) Designated Contracting States: 
DE FR GB 

(30) Priority: 06.12.1990 JP 405362/90 

(43) Date of publication of application: 
10.06.1992 Bulletin 1992/24 

(73) Proprietor: SONY CORPORATION 
Tokyo (JP) 

(72) Inventor: Kitagawa, Tetsuya 
Shinagawa-ku, Tokyo (JP) 



(74) Representative: MGIIer, Frithjof E., Dipl.-lng. 
Patentanwalte 
MULLER & HOFFMANN, 
Innere Wiener Strasse 17 
81667 MOnchen (DE) 



(56) References cited: 
EP-A- 0 484 131 



US-A- 4 869 999 



• PATENT ABSTRACTS OF JAPAN vol. 7, no. 90 
(P-191)14 April 1983 & JP-A58 017 446 

• IBM TECHNICAL DISCLOSURE BULLETIN, vol. 
32, no. 1, June 1989, NEW YORK US pages 125 - 
127; 'EXTENDED FOCAL DEPTH 
MICROLITHOGRAPHY* 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in 
a written reasoned statement. It shall not bo deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



Printed by Jouvo. 75001 PARIS (FR) 



BNSnnnin- ^pd n^podo«Qi i ^ 



1 



EP 0 489 426 B1 



2 



Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to a method according to the 
"'preamble of claim 1 for projection exposure applied to 
photolithography for preparation of semiconductor de- 
vices. More particularly, it relates to a method for expo- 
sure projection which allows for uniform resolution over 
an entire wafer surface. 

Description of Related Art 

In the field of semiconductor integrated circuits, 
submicron size processing has already been realized in 
mass-producing plants, while researches are currently 
conducted on half-micron size processing and even on 
quarter-micron size processing which is thought to be 
indispensable in 64 Mbit level DRAMs. 

The technology which has played a key role in the 
progress of ultra-fine processing is photolithography. 
The progress so far achieved in ultra-fine processing 
owes much to reduction in exposure wavelengths of the 
exposure light and an increase in the numerical aperture 
(NA)of optical lenses of a stepper. However, the reduc- 
tion in the exposure light wavelengths and the increase 
in the numerical aperture are not desirable from the 
viewpoint of increasing the depth of focus, because the 
depth of focus is proportionate to the wavelength of ex- 
posure light and inversely proportionate to the second 
power of numerical aperture. 

On the other hand, the surface step difference of a 
semiconductor wafer as a member to be exposed tends 
to be increased recently with increase in the density of 
semiconductor integrated circuits. The reason therefore 
is that, for the sake of maintenance of circuit perform- 
ance and reliability under the current tendency towards 
a three-dimensional device construction, reduction in 
the three-dimensional design rule is not progressing 
smoothly as compared to that in the two-dimensional 
design rule. If the surface of a semiconductor wafer pre- 
senting larger step differences is coated with a photore- 
sist material to form a photoresist layer, larger step dif- 
ferences or fluctuations in film thicknesses are similarly 
produced in the so-formed photoresist layer. As to the 
step differences produced over finer patterns, the wafer 
surface was smoothed by a multilayer resist method. 
However, a step difference produced over a wider area, 
such as a step produced between memory cells and pe- 
ripheral circuits, can not be compensated with the mul- 
tilayer resist method. If such wafer is to be exposed to 
light, the position of an image plane can not but be se- 
lected to be a mid position between highs and lows of 
the step difference. In addition, the image plane can not 
be a completely flat plane due to distortion of the image 
plane of a projecting lens, while the wafer surface can 



not be completely normal to an optical axis of the pro- 
jecting optical system. 

Under these circumstances, and also as a result of 
increased light absorption of the photoresist material 
5 caused by use of shorter wavelengths, difficulties are 
raised in achieving uniform resolution on an entire wafer 
surface. 

Thus the requirements for resolution and those for 
depth of focus are essentially contradictory to each oth- 

io er. For combatting this problem, researches are being 
conducted for developing techniques for achieving high 
contrast and hence high resolution through special arti- 
fices and methods for using an exposure device on the 
premise that the numerical aperture is suppressed to a 

*5 predetermined level and a practically useful level of 
depth of focus is maintained. 

Among these techniques is a so-called FLEX meth- 
od, according to which, as disclosed in JP Patent KOKAI 
(Unexamined) Publication No.58/17446 (1983>, a 

20 number of light exposure operations is carried out while 
the image plane is shifted through the same photomask 
for effectively maintaining optical image contrast ex- 
tended along the optical axis. For shifting the image 
plane, at least one of the photomask, semiconductor 

25 wafer or the projecting optical system is wobbled along 
the optical axis, as disclosed in the above mentioned 
Publication, or shifted stepwise or continuously each 
time light exposure is performed, as disclosed in JP Pat- 
ent KOKAI Publication No.63/64037 (1988). 

30 The simplest FLEX method is a two-stage method 
having two different points on the optical axis as posi- 
tions for the image plane. Referring to Fig.1 , an example 
in which the image plane is shifted along the optical axis 
(Z axis) by vertically driving a wafer-setting Z stage is 

35 hereinafter explained. 

In this figure, the stage position (in u.m) along the Z 
axis is plotted on the horizontal axis. This stage position 
is defined as an offset (focal offset) from a reference 
point which is the position of the image plane set at a 

40 mean height position between the highs and lows of the 
step difference of the wafer (center focal position) as a 
point of origin. The direction proceeding towards a light 
source and that away from the light source are termed 
the minus (-) direction and the (+) direction, respectively, 

45 while the position of the image plane in which the wafer 
is shifted in the (-) direction and that in which the wafer 
is shifted in the (+) diction are termed the minus (-) focal 
position and the plus (+) focal position, respectively. The 
contrast in light intensities is plotted on the vertical axis. 

so Two solid lines e and f represent contrasts in light inten- 
sities when projection light exposure is performed with 
the same volume of light exposure with the image plane 
having been shifted -1 .0 pm and 1 1 .0 jam from the point 
of origin, respectively. A broken line £ represents con- 

55 trasts of light intensities obtained by synthesizing the 
curves e and f. Although the light intensity contrast strict- 
ly is not in linearly correlated with the volume of light 
exposure, it is assumed herein to correspond approxi- 
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mately to the volume of light exposure for convenience. be enlarged but also the throughput may be improved. 

In order for the pattern to be dissolved satisfactorily To solve this object the present invention provides 

on the entire surface of the wafer, a light intensity con- a method as specified in claim 1. 

trast higherthan a predetermined level need to be main- The dependent claims describe particular embodi- 

tained within a predetermined extent along the optical s ments of the invention. 

axis as determined by the step difference of a wafer sur- The reason the focal margin is decreased with the 
face, distortion of an imaging surface of a projecting conventional three-stage method as compared with that 
lens, tilt of the wafer or the like. If it is assumed that an with the two-stage method is that, as a result of dividing 
appropriate extent of the light intensity contrast corre- the total volume of light exposure into three equal parts, 
sponding to a practically sufficient resolution is 0.5 to w the light intensity contrast is decreased in its entirety, 
0.8 and the range along the Z axis with which such range above all, it is decreased most acutely at both ends of 
of the light intensity contrast is achieved is defined as a the range of shifting of the image plane. The present 
focal margin, the focal margin as viewed on the synthe- inventor has directed attention to the fact that the light 
sized light intensity contrast shown by the broken line q intensity contrast is improved in the vicinity of the center 
is approximately 1 .2 jam along the (-) and (+) directions, is focal position in the case of the curve for the synthesized 
or 2.4 \xm in sum, as shown by ranges B, and B 2 . How- light intensity contrast shown by broken line k in Fig.2, 
ever, the synthesized light intensity contrast becomes and arrived at a notion that, if the volume of light expo- 
lower than 0.5 in the vicinity of the center focul position sure in this region is partially distributed to the minus 
so that stable resolution can not be achieved. The result focal and plus focal sides, the focal margin may be en- 
is that inconveniences such as fluctuations in contact 20 larged in its entirely, even although the profile of the 
hole diameters, for example, are produced. curve should be decreased to a minimum value near the 
On the other hand, a three-stage method has also center focal position. It is on the basis of this concept 
been proposed, in which light exposure at the center fo- that, in effecting light exposure by setting three or more 
cal position is additionally performed in the above men- positions for the image plane in accordance with the 
tioned two-stago method. This alternative method is 2s present invention, the volume of light exposure is re- 
hereinafter explained by referring to Fig.2. duced relatively in the vicinity of the center of the setting 

In an example, shown in Fig.2, light exposure is per- range of the image plane, 
formed not only at the focal offsets at +1 .0 um, but also However, with sequential light exposure in which it 
at the center focal position. Thus, in Fig.2, three solid is necessary to perform stage movement and stop, shut- 
lines h, j and j represent light intensity contrast curves 30 ter opening and closure and increase or decrease of the 
when projection light exposure is performed with the light exposure power, throughput can not be improved 
same volume of light exposure with the focal offsets of beyond a certain threshold value. In this consideration, 
-1 .0 um, 0 um and +1 .0 u.m. respectively. A broken line the present invention further proposes a method com- 
k represents a light intensity contrast curve obtained by prising moving at least one of the projecting optical sys- 
synthesis of three curves h, j and j. It is noted that, since 35 tern, photomask and the wafer along the optical axis with 
the total volume of light exposure is the same as that a speed distribution depending on the position of the im- 
with the above mentioned two-stage method, the vol- age plane along the optical axis. With the proposed 
ume of light exposure for one light exposure operation method, the volume of light exposure is decreased and 
is less than that in the case of the two-stage method. increased in regions of higher and lower speeds, re- 
With this technique, the focal margin as seen on the 40 spectively, even if the volume of light exposure is con- 
synthesized light intensity contrast curve shown by the stant and the shutter is perpetually in the open condition, 
broken line k is obtained as a continuous range which, If it is desired to decrease the volume of light exposure 
as shown by a range C in Fig.2, in contrast to the two- in the vicinity of the center focal position, it suffices to 
stage method, meaning that instability in the vicinity of increase the speed of one of the optical system, photo- 
the center local position has now been eliminated. 45 mas k and the wafer in the vicinity of the center focal po- 
However, the focus margin with the above men- sition. As a result, the number of parameters to be con- 
tioned three stage method is about 2.2 u.m, as shown in trolled is decreased and the throughput markedly im- 
Fig.2, which is less than that obtained with the two-stage proved as compared with those with the conventional 
method shown in Fig.1. Thus the merit proper to the multi-stage light exposure system, 
three-stage method may not be said to be functioning so | t w j|| be seen from above that, in accordance with 
satisfactorily. the present invention, the focal margin may be enlarged 

by relatively decreasing the volume of light exposure in 

Object and Summary of the invention the vicinity of the center focal position. On the other 

hand, throughput my afso be improved by an ingenuous 

It is therefore an object of the present invention to ss artifice of gradating the speeds of movement along the 

provide a projection exposure method comprising set- Z axis of the unit(s) capable of moving the image plane, 

ting the image plane in three or more stages in effecting Thus the present invention has a significant practi- 

light exposure, whereby not only the focal margin may cal merit under the situation of the decreased depth of 
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focus as a consequence of the use of shorter wave- 
lengths of the exposure light and the higher numerical 
aperture. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.1 is a graph showing light intensity contrast 
curves with the conventional two-stage method. 

Fig. 2 is a graph showing light intensity contrast 
curves with the conventional three-stage method. 

Fig. 3 is a schematic view showing an example of 
construction of a projection light exposure device em- 
ployed for practicing the invention. 

Figs. 4a to 4c are schematic cross-sectional views 
showing an example of position setting of an image 
plane in case the present invention is applied to a three- 
stage method, wherein Fig.4a shows the minus focal po- 
sition, Fig. 4b shows the center focal position and Fig. 4c 
shows the plus focal position. 

Fig. 5 is a graph showing light intensity contrast 
curves obtained on application of the present invention 
to a three-stage method. 

Fig. 6 is a graph showing a pattern of gradation of 
the speed of movement of the Z stage on application of 
the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring to the drawings, certain preferred embod- 
iments of the present invention will be explained in de- 
tail. 

Example 1 

In the present example, the present invention is ap- 
plied to a three-stage method, and the image plane is 
moved by raising and lowering the wafer. 

Fig. 3 shows a schematic structure of a projection 
optical system and a control system of a projection ex- 
posure device employed in the present example. 

With the projection optical system, the light radiated 
from a light source 1 is reflected and converged by a 
reflective mirror 2 to fall via an aperture 3 on a collimator 
lens 4 whereby it is collimated and then transmitted 
through a photomask 5 so as to be projected by an im- 
aging lens 6 on a wafer 10 placed on a wafer stage 7. 
The wafer stage 7 is composed of an XY stage 8 for 
shifting the wafer 1 0 in its in-plane direction or XY direc- 
tion and a Z stage 9 for shifting the wafer along the op- 
tical axis or Z axis. The wafer 10 may be moved to a 
designated position three-dimensionally by the combi- 
nation of the movements of the stages 8 and 9. 

The control system is made up of a shutter control 
system 1 7 for controlling the timing of light exposure, an 
XY control system 1 4 for driving the XY stage 8 to a des- 
ignated position, an XY sensor 11 for detecting the rel- 
ative position of the wafer 10 in the XY plane, a Z control 
system 1 3 for driving the Z stage 9 to its designated po- 



6 

sition, a Z sensor 12 for detecting the relative position 
of the wafer 10 in the Z axis direction, a computer 16 for 
collectively controlling the light exposure device in its 
entirety and a bus line for interconnecting the control 
5 systems 1 3, 1 4 and 1 7 with the computer 1 6. In this com- 
puter, the light exposure position in the XY plane on the 
wafer 10, the number of the image planes set for the 
respective light exposure positions in the XY plane, the 
amount of movement of the Z stage 9 and the volume 
10 of light exposure for the image plane in each of the light 
exposure positions etc. are stored previously. The con- 
trol systems 13, 14 and 17 receive various signals gen- 
erated on the basis of the information stored in the com- 
puter 16 over bus line 15 to perform prescribed control 
15 operations. 

In Figs. 4a to 4c, the manner in which the image 
plane is moved for light exposure in accordance with the 
three-stage method is shown schematically. 

In these figures, light exposure is performed while 
the image plane is moved within an extent of +1 pm with 
respect to the wafer 10 comprised of a photoresist layer 
21 formed on a substrate 20 formed of a predetermined 
layer of material. It is noted that warping of the wafer 1 0, 
surface step differences of the photoresist layer 21 or 
distortions of the imago plane caused by aberrations of 
the projection optical system, generated in a region, not 
shown, are substantially contained within this extent of 
movement of 2 pm. The coordinate system data entered 
in the figures are intended for aiding in the understand- 
ing of the movement of the image plane along the i. axis 
(focal offsetting). Thus the origin 0 denotes a mid point 
of the extent of the movement, the minus (-) direction is 
the direction of approaching the imaging lens 6 and the 
plus (+) direction denotes the direction of moving away 
from the imaging lens 6. Fig.4a shows the minus focal 
position with the focal offset of -1 .0 pm, Fig. 4b shows 
the center focal position with the focal offset of 0 pm and 
Fig. 4c shows the plus focal position with the focal offset 
of +1.0 pm. 

The following is the sequence of effecting light ex- 
posure by the three-stage method using the above de- 
scribed projection light exposure device. 

The method described below is a method for light 
exposure known as a step-and-repeat system. After the 
XY control system 14 has moved the XY stage 8 to a 
predetermined position under the commands from the 
computer 16, the Z control system 13 actuates the Z 
stage 9 to uplift the wafer 10 to a position corresponding 
to -1.0 pm of the focal offset, as shown in Fig. 4a. The 
relative position of the wafer 10 is fed back to the XY 
control system 1 4 and the Z control system 1 3 by means 
of the XY sensor 11 and the Z sensor 12 so as to be 
corrected automatically if nocessary. A shutter, not 
shown, is opened under the commands of the shutter 
control system 17 to effect light exposure with a prede- 
termined exposure light volume. After the end of light 
exposure, the shutter is closed and the Z stage 9 is ac- 
tuated for lowering the wafer 10 to the center focal po- 
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sition shown in Fig. 4b where light exposure is again per- 
formed by the same sequence of operations as de- 
scribed above. After the end of the second light expo- 
sure, the wafer 1 0 is further lowered to a position corre- 
sponding to the focal offset of +1 ,0 um as shown in Fig. 
4c, where light exposure is again performed by the same 
sequence of operations. 

It is noted that, at the time of light exposure near the 
center focal position, among the above described three 
light exposure operations, the exposure light volume is 
decreased as compared to that at the time of the light 
exposure at the plus and minus focal offset positions. 
This is shown by light intensity contrast curves shown 
in Fig.5, in which three solid lines a, b and c represent 
the light intensity contrast curves corresponding to the 
focal offsets of -1 .0 pm, 0 ujti and +1 .0 pm, respectively. 
It is noted that the volume of light exposure at the focul 
offsets of ±1 .0 jim is selected to be slightly smaller than 
that with the two-stage method shown in Fig. 1 , with the 
decreased volume of exposure light being distributed 
and supplemented to the exposure light volume at the 
center focal position. A light intensity contrast curve 
shown by a broken line d is obtained by synthesizing 
these three curves together. 

By such light exposure, a continuous focal margin 
extending about 2.8 pm is achieved, as shown at a 
range A in Fig.5, due to the fact that the drop of the light 
intensity contrast in the vicinity of both ends of the extent 
of the 2 stage movement as shown in Fig. 2 is sup- 
pressed, while that in the vicinity of the center focal po- 
sition as shown in Fig.1 is reduced. 

It is noted that, although the three-stage light expo- 
sure is started in the above explanation from the minus 
focus side, it may also be started from the plus focus 
side without any inconvenience. 

It is also noted that, although the image plane is set 
in the above embodiment at three prescribed positions 
on the XY plane, the present invention is not limited to 
this embodiment, but may be applied to cases of setting 
the image plane at four or more positions. In these cas- 
es, it becomes necessary to optimize the distribution of 
the exposure light volume depending on the number of 
the setting positions of the image plane. To this end, it 
suffices to decrease the exposure light volume at the 
center focal position relatively for odd-numbered setting 
positions for the image plane and at least two positions 
on both sides of the center focal position for even-num- 
bered setting positions for the image plane. 

Example 2 

In the present example, the efficiency of the light 
exposure operation is improved further as compared to 
that achieved with the preceding example 1 . 

The construction of the wafer 10 and the projection 
light exposure device employed in the present example 
1 as well as the extent of movement of the image plane 
is the same as that described in example. However, the 



operation of light exposure is not performed herein by 
the above mentioned step-and-repeat system, but, with 
the shutter in the perpetually opened state, the speed 
of movement of the 2 stage is changed in accordance 

s with a pattern shown for example in Fig.6. That is, the 
speed of movement of the 2 stage was set so that it is 
rather small in the vicinity of ±1.0 urn offsets and in- 
creased as the 2 stage approaches to the center focal 
position, becoming maximum at the center focal posi- 

io tion. In this case, the above mentioned pattern of speed 
change or gradation need to be stored in the computer 
16 instead of the number of setting positions of the im- 
age plane. 

Under such setting, if the exposure light power is 

is constant, the volume of light exposure is proportionate 
to the light exposure time, which in turn is inversely pro- 
portionate to the stage shifting speed. Thus the volume 
of light exposure becomes maximum and minimum in 
the vicinity of the center focal position ±1 .0 jam and in 

20 the vicinity of the center focal position, respectively, so 
that a pattern of changes or gradations of the exposure 
light volume approximately similar to that of Fig.5 is 
achieved. The changes or gradations of the exposure 
light volume may naturally be combined in any desired 

25 manner with those of the shifting speed of the 2 stage 9. 
With the present method, the image plane may be 
moved continuously without intermediate stopping, 
while only one light exposure operation at one of the light 
exposure positions on the XY plane suffices. The result 

30 is that the time consumed in the movement and stopping 
of the 2 stage 9 or shutter opening and closure may be 
saved so that throughput may be improved significantly. 



35 Claims 

1. A method for projection exposure of projecting a 
photomask (5) pattern on a wafer (10) by a projec- 
tion optical system (1-4,6) comprising setting an im- 

40 age plane of said pattern on said wafer (1 0) at th ree 
or more positions along the optical axis of said op- 
tical system (1-4,6) within a predetermined extent, 
and carrying out light exposure operations sequen- 
tially at these positions, characterized in that the ex- 

4 $ posure light volume at or near the mid point of said 
extent is smaller than that at both ends of said ex- 
tent. 



so 



55 



The method as claimed in claim 1 wherein setting 
of said image plane is performed by driving said pro- 
jection optical system (1-4,6). 

The method as claimed in claim 1 wherein sotting 
of said image plane is performed by driving said 
photomask (5). 

The method as claimed in claim 1 wherein setting 
of said image plane is performed by driving (see 8) 
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said wafer (10). 



Patentanspruche 

1. Verlahren zur Projektionsbelichtung, bei welchem 
ein Muster einer Photomaske (5) auf einem Wafer 
(10) durch ein optisches Projektionssystem (1-4,6) 
belichtet wird, umfassend das Einstellen einer Bild- 
ebene des Musters auf dem Wafer ( 1 0) auf drei Oder 
mehr Positionen innerhalb eines vorbestimmten 
Bereichs ehtlang der optischen Achse des opti- 
schen Systems (1-4,6) und das Durchfuhren von 
Belichtungsvorgangen nachfolgend bei diesen Po- 
sitionen, 

dadurch gekennzeichnet, daft 

die Lichtmenge bei der Belichtung an Oder nahe 
dem Mittelpunkt des Bereichs kleiner ist als an bei- 
den Enden des Bereichs. 

2. Verfahren nach Anspruch 1 , bei welchem das Ein- 
stellen der Bildebene durch das Antreiben des op- 
tischen Projektionssystems durchgef uhrt wird. 

3. Verfahren nach Anspruch 1 , bei welchem das Ein- 
stellen der Bildebene durch das Antreiben der Pho- 
tomaske (5) durchgefuhrt wird. 

4. Verfahren nach Anspruch 1 , bei welchem das Ein- 
stellen der Bildebene durch das Antreiben (siehe 8) 
des Wafers (10) durchgefuhrt wird. 



glage dudit plan d'image s'effectue par entraine- 
ment (voir 8) de ladite plaquette (10). 
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Revendications 

35 

1. Proced6 d'exposition par projection, destine a pro- 
jeter un motif de masque de photogravure (5) sur 
une plaquette (10) par un systeme optique de pro- 
jection (1 a 4, 6), comprenant le r6glage : d'un plan 
d'image dudit motif sur ladite plaquette (10) : a trois 40 
positions, ou plus, le long de I'axe optique dudit sys- 
teme optique (1 a 4, 6) a I'interieur d'une etendue 
predeterminee, et ('execution d'operations d'expo- 
sition a la lumtere sequentiellement a ces positions, 
caracterise en ce que le volume de lumiere d'expo- 45 
sition au, ou pres du, point milieu de ladite etendue 

est plus petit que celui aux deux extr^mites de ladite 
etendue. 

2. Precede selon la revendication 1 , dans lequel le re- so 
glage dudit plan d'image s'effectue par entraTne- 
ment dudit systeme optique de projection (1 a 4, 6). 

3. Precede selon la revendication 1 , dans lequel le re- 
glage dudit plan d'image s'effectue par entraine- 55 
ment dudit masque de photogravure (5). 

4. Precede selon la revendication 1 , dans lequel le re- 
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